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Chapter 1  
 General Introduction: PACAP and energy metabolism. 
2 
1.1 Development of obesity and its effects 
Over 650 million  people globally are now classified as obese, based on their height and 
weight, which is used to calculate body mass index (BMI) (“Obesity and overweight,” n.d.). A 
BMI greater than 25 kg/m2 is classified as overweight, and over 30 kg/m2 is classified as obese. 
In Canada, the prevalence of obesity increased by over 6 percent between 2014 and 2018, around 
7.3 million Canadian adults are now classified as obese (“Overweight and obese adults, 2018,” 




























































































1.3 PACAP synthesis 
PACAP is encoded by the Adcyap1 gene. The gene is composed of 5 exons. It consists of 
a 5’untranslated region (5’UTR), a signal peptide (SP), a PACAP related peptide (PRP), PACAP 



























PACAP receptors are coupled with Gαs and Gαq stimulatory protein. Stimulation of Gαs 
results in activation of adenylate cyclase, whereas stimulation of Gαq results in activation of
phospholipase C. The downstream effect of both the pathways is the activation of protein 







determined by the presence/absence  of 28 aa cassette ‘hip’ and ‘hop’ in the intracellular domain.
The splice variant of the PAC1 receptor expressed on different tissues determines the PAC1 
receptor's downstream effect (Dickson & Finlayson,  2009).  












































whereas the sympathetic nervous system responds to physiological stressors, requiring a ‘flight




where norepinephrine  released from postganglionic nerves of the SNS, binds to β-adrenergic 
receptors on BAT (Cannon & Nedergaard, 2004) and activates lipolysis  through hormone-







in BAT (Gray et al., 2002), which as discussed is required for adaptive thermogenesis at β-
adrenergic receptors on BAT. The exogenous administration of norepinephrine  in the absence of 
PACAP expression has been shown to be unsuccessful in inducing adaptive thermogenesis, 
associated with a decrease in expression of β-adrenergic receptors (Diané et al., 2014). As such, 
it is speculated that PACAP acts at both the level of the hypothalamus and within the SNS to 






























1.8 Evidence that PACAP regulates whole animal energy balance via thermogenesis 
PACAP has been shown to be involved in the maintenance of energy homeostasis. 
PACAP’s role in regulating energy metabolism and specifically energy expenditure via 
thermogenesis was first observed when reserpine-induced hypothermic mice recovered from 
hypothermia upon intracerebroventricular  (ICV) administration of PACAP-38 (Masuo et al., 






































Delivery protocol of adeno-associated virus 9 (AAV9) for transgenic overexpression of 











































































































































































































































(Figure 2.3). Using a 0.039’’ drill bit (ball mill  carbide) the skull wall drilled using the following 
coordinates: 1.46 mm posterior from bregma, 0.39 mm lateral from midline. scAAV9-SF1-eGFP 










































































































































































































































































































































































































































































































































































































































































































































































































































































Tris-HCl,  0.2% SDS (2 ml), glycerol  (1 ml), 10% SDS (2 ml), bromophenol  blue (0.005 g)) and 
loaded on the gel and run at 150V for 1 hr 10 mins at RT in running buffer. Ladder (250 kDa) 
(New England biolabs, Ipswich, MA, USA) was loaded to allow the size of the protein target to 






















































































































































































































































































































in situ  hybridization protocol to detect PACAP mRNA in the hypothalamus of  mice. PACAP, 
like other peptide hormones, is encoded by a gene (Adcypa 1 in the case of PACAP) which is 
transcribed to mRNA and translated to a pre-propeptide, which is processed to produce 
functional proteins. PACAP mRNA consists of the 5’ untranslated region (5’UTR), signal








































samples,  in comparison  to embedding sample  in paraffin as frozen cryostat samples preserve the 
epitope and native nucleic acid integrity as the sample  is immediately frozen which prevents 
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National Center for Biotechnology Information (NCBI) basic alignment  (“BLAST: Basic Local
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250 RPM. The cells were pelleted at 1000 RPM and suspended in 200 μl of fresh SOC media.  
The cells were transferred into Lysogeny broth (LB) (bacto-tryptone, bacto-yeast extract, 
NaCl, pH 7.0) agar plates containing 100 μg/ml ampicillin. In order to conduct blue white
screening 100 μl IPTG (10mM), 100 μl (2% X-gal) were added to the LB plates prior to adding 
the cell suspended in SOC. The cells were incubated overnight at 37oC. Transformed colonies, 
containing pGEM-PACAP insert were selected, as transformed colonies appear white in contrast 
to blue colonies, that don’t undergo transformation. Non-transformed plasmid contains LacZ 
gene which is induced by IPTG to produces β galactosidase enzyme, the β-galactosidase 
hydrolyzes X-gal to produce a blue pigment. If the LacZ gene is disrupted due to transformation  
                                    
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plasmid with EcoRI-HF and EarI (5 μl 10X CutSmart buffer, 1 μl EcorRI-HF (20 U), 1μl EarI
(20U) to ~ 25μg of plasmid DNA). A linearized plasmid used to generate the sense probe using
T7 pGEM PACAP was generated by digesting the plasmid with HindIII--HF and EarI (5 μl 10X














Transcription  and Labelling  of riboprobe with Digoxigenin 
Antisense and sense riboprobes were transcribed from the isolated DNA fragment using 
SP6/T7 DIG RNA labelling kit (Millipore  Sigma, Manheim, Germany). To generate antisense 
riboprobe complementary to PACAP mRNA; NTP labeling mixture (2 μl, 10 X), transcription
buffer (2 μl, 10 X), SP6 RNA polymerase (2 μl), and protector RNase inhibitor (1 μl) was added 
to 1 μg of single stranded stand of DNA containing SP6 promoter upstream of PACAP sequence. 
Transcription  was conducted at 37oC for 2 hrs. DNase I inhibitor (2 μl) was used to degrade
genomic DNA; the reaction was conducted at 37oC for 15 mins. The transcription reaction was 















































Hybridization buffer (30 μl) was prepared with; 40% deionized formamide, 10% dextran 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































therefore decreased to 0.5 μg/ml (Figure 3.6 E), and 0.05 μg/ml (figure 3.6 D) which improved 
tissue morphology  (Figure 8 D, E) as noted by clearly  identifiable anatomical landmarks within 
in the hypothalamus; the 3rd ventricle, the VMN, and the arcuate nuclei (Figure 3.6 A – E). A 










salmon sperm DNA, was decreased from 500 μg/ml to 100 μg/ml (Table 3.3). Despite these 
75 
Figure 3.6: Results of in situ hybridization (ISH) for Pituitary adenylate 
cyclase activating polypeptide (PACAP) using oligonucleotide probes. In situ 
hybridization was conducted on brain samples obtained from a C57Bl6 
wildtype mouse (n=1). Image (A) obtained from Allen Brain Atlas (Image 71), 
depicts the spatial context of the coronal section of the hypothalamus. Image 
(B) from the Allen Brain Atlas represents the known expression of PACAP 
mRNA in the hypothalamus of mice, as deduced using in situ hybridization. 
Image(C) represents a diagram of anatomical landmarks of the hypothalamus; 
the 3rd ventricle (3V), ventromedial nucleus (VMN), and the arcuate nucleus 
(ARC). ISH was conducted using 50bp oligonucleotide probes designed to 
target cryptic peptide and PACAP-related peptide, labelled with Digoxigenin 
(Dig). Images D – I are representative images of in situ hybridization runs 
conducted under 4X magnification using brightfield microscopy. Critical 
experimental conditions were modified. The various nuclei in the images are 
not to scale.
Allen Institute.© [2004] Allen Institute for Brain Science. Allen Mouse Brain Atlas, Coronal. Available from: 
atlas.brain-map.org/atlas








































































































































































































































































































































































































Figure 3.7: Colorimetric dot blot analysis of Digoxigenin (DIG) labelled antisense 
and sense probe. The binding efficiency of antisense and sense strand of the riboprobe 
was assessed using dot blot analysis. DIG-labelled Neomycin RNA of known 
concentration (Cat. No. 11 175 025 910) was run as a positive control, at various 
different concentrations (100, 10, 1 , 0.1 ng/µl). Antisense and sense riboprobe were 
tittered (stock, 1:2, 1:4, 1:10) to qualitatively assess labelling efficiency as deduced by 
intensity of the Dot Blot in comparison to controls. The analysis was run twice and 

























Figure 3.8: Results of in situ hybridization (ISH) targeting PACAP mRNA 
using ribonucleic acid probes (riboprobe). Images on the left-hand panel (A –
C) were obtained from the Allen Brain Atlas. Image A is a spatial orientation 
of the mouse brain (image 71 on the Allen Brain Atlas). Image (B) is the 
expected expression of PACAP mRNA in the hypothalamus. Image (C) is a 
diagram representing the anatomical landmarks in the hypothalamus such as; 
the 3rd ventricle, ventromedial nucleus (VMN), arcuate nucleus (ARH). 
Images (D-G) are representative images from run 8 of the in situ hybridization 
protocol conducted at 4X mag using brightfield microscopy. In situ 
hybridization was conducted using brain tissues isolated from a PACAP 
wildtype (+/+) mouse (n = 1) (D – E), and a PACAP knockout (-/-) mouse (n = 
1) (F- G). On both the PACAP +/+ and PACAP -/- samples, an antisense probe 
was used (D) (F), a sense probe was used as a technical negative control (E)
(G).
Allen Institute.© [2004] Allen Institute for Brain Science. Allen Mouse Brain Atlas, Coronal. Available from: 
atlas.brain-map.org/atlas



































































































probe to the target sequence isn’t loss.  




















































































































































Carter, M., & Shieh, J. (2015). Stereotaxic Surgeries  and In Vivo Techniques.  In Guide to 
Research Techniques in Neuroscience (pp. 73–88). Elsevier. https://doi.org/10.1016/b978-
0-12-800511-8.00003-4 
Chevalier, J., Yi, J., Michel, O., & Tang, X.-M. (1997). Biotin and Digoxigenin as Labels for 
Light and Electron Microscopy in Situ Hybridization Probes: Where Do We Stand? The 





Choi, Sujean, & Dallman, M. F. (1999). Hypothalamic Obesity: Multiple Routes Mediated by 
Loss of Function in Medial Cell Groups*. Retrieved from 
https://academic.oup.com/endo/article-abstract/140/9/4081/2990720 
Cline, D. L. (2020). Role of pituitary adenylate cyclase-activating polypeptide in energy 
96 











England Journal of Medicine, 360(15), 1509–1517. 
https://doi.org/10.1056/NEJMoa0810780 
Dayton, R. D., Wang, D. B., & Klein, R. L. (2012, June). The advent of AAV9 expands 










function. Pharmacology and Therapeutics. Pharmacol  Ther. 
https://doi.org/10.1016/j.pharmthera.2008.11.006 
Farrell  Jr, R. E. (2005). RNA Methodologies  (3rd ed.). Retrieved from https://www-
sciencedirect-com.ezproxy.library.ubc.ca/book/9780122496967/rna-methodologies 













Hypothalamus. In Hypothalamus in Health and Diseases. IntechOpen. 
https://doi.org/10.5772/intechopen.80728 
Gall, J. G., & Pardue, M. L. (1969). Formation and detection of RNA-DNA hybrid molecules in 
cytological preparations. Proceedings of the National Academy of Sciences of the United 
States of America, 63(2), 378–383. https://doi.org/10.1073/pnas.63.2.378 




















































Steroidogenic Factor 1 Is Essential for the Formation of the Ventromedial Hypothalamic 
Nucleus. Retrieved from https://academic.oup.com/mend/article/9/4/478/2715148 
Ikeda, Y., Luo, X., Abbud, R., Nilson, J. H., & Parker, K. L. (1995b). The Nuclear Receptor



































McMillan,  T. (2017). The role of pituitary adenylate cyclase-activating polypeptide (PACAP) in 










































































activating polypeptide induces hypophagia and thermogenesis.  American Journal of




balance via site-specific actions on feeding and metabolism.  American Journal of
Physiology - Endocrinology and Metabolism, 305(12), E1452. 
https://doi.org/10.1152/ajpendo.00293.2013 
Robert E.FArrell, J. (2010). RNA methodologies A Laboratory Guide for Isolation and 
Charecterization. In RNA methodologies A Laboratory Guide for Isolation and
Charecterization  (4th ed., pp. 264–280). Elsevier. 
Samulski, R. J., & Muzyczka, N. (2014). AAV-mediated gene therapy for research and 
therapeutic purposes. Annual Review of Virology, 1(1), 427–451. 
https://doi.org/10.1146/annurev-virology-031413-085355 
Scarpace, P. J., & Matheny, M. (1998). Leptin induction of UCP1 gene expression  is dependent 
on sympathetic innervation. American Journal of Physiology - Endocrinology and
Metabolism, 275(2 38-2). https://doi.org/10.1152/ajpendo.1998.275.2.e259 
Schaeren-Wiemers,  N., & Gerfin-Moser, A. (1994). A single protocol to detect transcripts of
various types and expression levels in neural tissue and cultured cells: in situ hybridization 
using digoxigenin-labelled cRNA probes. Histochemistry  (Vol. 100). 
Segal, J. P., Stallings, N. R., Lee, C. E., Zhao, L., Socci, N., Viale, A., … Friedman, J. M. 
(2005). Use of laser-capture  microdissection for the identification of marker genes for the 
ventromedial hypothalamic  nucleus. The Journal of Neuroscience : The Official Journal of
the Society for Neuroscience, 25(16), 4181–4188. 
https://doi.org/10.1523/JNEUROSCI.0158-05.2005 





Stahl, W. L., Eakin, T. J., & Baskin, D. G. (1993). The Journal of Histochemistry and
102 























development. Journal of Biological Chemistry, 280(7), 5917–5923. 
https://doi.org/10.1074/jbc.M412806200 
Yokoyama, C., Komatsu, T., Ogawa, H., Morohashi, K., Azuma, M., & Tachibana, T. (2009). 
Generation of rat monoclonal  antibodies specific for Ad4BP/SF-1. Hybridoma, 28(2), 113–
120. Retrieved from https://go-gale-
com.ezproxy.library.ubc.ca/ps/i.do?p=HRCA&sw=w&issn=15540014&v=2.1&it=r&id=G
ALE%7CA205568310&sid=googleScholar&linkaccess=fulltext
Young, A. P., Jackson, D. J., & Wyeth, R. C. (2020). A technical review and guide to RNA 
fluorescence in situ hybridization. PeerJ, 8. https://doi.org/10.7717/peerj.8806 
Zhu, L., Tamvakopoulos, C., Xie, D., Dragovic, J., Shen, X., Fenyk-Melody, J. E., … Roy, R. S. 
(2003). The role of dipeptidyl peptidase IV in the cleavage of glucagon family peptides: In 
vivo metabolism of pituitary adenylate cyclase-activating  polypeptide-(1-38). Journal of
Biological Chemistry, 278(25), 22418–22423. https://doi.org/10.1074/jbc.M212355200 
Zimmerman, S. G., Peters, N. C., Altaras, A. E., & Berg, C. A. (2013). Optimized RNA ISH, 
RNA FISH and protein-RNA double labeling (IF/FISH) in Drosophila ovaries. Nature
Protocols, 8(11), 2158–2179. https://doi.org/10.1038/nprot.2013.136 
